The enteric, anaerobic spirochete Brachyspira hyodysenteriae is the causative agent of swine dysentery, a severe mucohemorrhagic diarrheal disease of pigs that has economic significance in every major porkproducing country. Recent investigation into potential vaccine candidates has focused on the outer membrane proteins of B. hyodysenteriae. Bhmp39 (formerly Vsp39) is the most abundant surface-exposed outer membrane protein of B. hyodysenteriae; its predicted gene sequence has previously been shown to share sequence similarity to eight genes divided evenly between two paralogous loci. The peptide sequence suggested that Bhmp39 is encoded by one of these genes, bhmp39h. The biological significance of maintaining eight homologous bhmp39 genes is unclear, though it has been proposed that this may play a role in antigenic variation. In this study, real-time, reverse transcription-PCR was used to demonstrate that bhmp39f and bhmp39h were the transcripts most abundantly expressed by B. hyodysenteriae strain B204 cultured under in vitro growth conditions. Mass spectrometry data of the purified 39-kDa membrane protein showed that both Bhmp39f and Bhmp39h were present. Northern blot analysis across predicted Rho-independent terminators demonstrated that the genes of the bhmp39efgh locus result in monocistronic transcripts.
The intestinal spirochete Brachyspira hyodysenteriae is the causative agent of swine dysentery, a severe mucohemorrhagic diarrheal disease of pigs. Previous vaccination trials using killed or attenuated live cells as vaccines have not stimulated immunoprotection against swine dysentery (15, 16) , while commercially available bacterin vaccines fail to provide complete protection (8) . An alternative approach may be to generate subunit vaccines that might be delivered by the expression of recombinant protein on the outer membrane of a bacterial delivery vector, such as Salmonella enterica serovar Typhimurium (9, 17) .
Recent investigations into potential targets for novel vaccines against swine dysentery have focused on the outer membrane proteins of B. hyodysenteriae, though much is still unknown about these proteins. Hampson et al. have recently proposed that a new nomenclature be introduced for membrane proteins and lipoproteins of B. hyodysenteriae (13) ; we have used that nomenclature in this paper. It has been suggested that B. hyodysenteriae evades the host immune system through antigenic variation of the expression of tandemly arranged paralogous genes (6) . Known examples are the bhlp29.7abcd (previously blpGFEA) locus (5) and the two bhmp39 (previously vsp) loci, containing bhmp39a to bhmp39d and bhmp39e to bhmp39h (12, 18, 19) . Variations in the expression of key outer membrane antigens may be a factor in the failure of vaccines to provide full immunoprotection against swine dysentery. Mechanisms of antigenic variation have been characterized for other pathogenic spirochetes, including Treponema pallidum (22) , Borrelia burgdorferi, and Borrelia hermsii (6) , though such mechanisms have not yet been investigated in B. hyodysenteriae.
Bhmp39 is the most abundant outer membrane protein of B. hyodysenteriae and is known to be surface exposed based on surface iodination studies (12) . Eight paralogous bhmp39 genes have been identified, and N-terminal sequencing of the 39-kDa protein indicated that the expressed protein was encoded by bhmp39h (18) . In this study we sought to determine the transcriptional organization of the bhmp39 genes under in vitro conditions and to determine which protein(s) is expressed by the bhmp39 genes.
MATERIALS AND METHODS
Bacterial strains. B. hyodysenteriae strain B204 was kindly provided by P. Coloe, Royal Melbourne Institute of Technology, Melbourne, Australia. Cells were grown anaerobically (80% N 2 , 10% CO 2 , 10% H 2 ) at 37°C to between 5 ϫ 10 7 cells/ml and 2 ϫ 10 8 cells/ml in Trypticase soya broth supplemented with 0.5% yeast extract, VPI salts, and 5% fetal calf serum (23) . Broth cultures were subjected to continuous agitation with magnetic stirrers.
Oligonucleotides. Oligonucleotides used in this study are listed in Table 1 . Gene-specific nucleotide sequences were identified by DNA sequence alignments of the bhmp39 gene sequences in GenBank (accession numbers AF012102 and AY027775), and where primers were to be used in real-time reverse transcription-PCR (RT-PCR), Primer Express 1.5a software (Applied Biosystems, Inc., Foster City, CA) was utilized in the design process.
Molecular biology methods. Chromosomal DNA was prepared from B. hyodysenteriae using the cetyltrimethylammonium bromide method (2) . Standard methods in molecular biology were performed as described by Ausubel et al. (2) . Annealing steps in PCR cycling were performed at 47°C to compensate for the low GϩC content of B. hyodysenteriae genomic DNA. When PCR products were required for sequencing, they were purified with a QIAquick PCR purification kit (QIAGEN, Hilden, Germany). Nucleotide sequencing was performed with a BigDye Terminator v3.1 cycle sequencing kit (Perkin-Elmer Corp., Norwalk, CT) and an Applied Biosystems Inc. model 3730 automated sequencer.
RNA isolation and purification. RNA was isolated from B. hyodysenteriae B204 cultures that had cell densities between 5 ϫ 10 7 and 2 ϫ 10 8 cells/ml with TRIzol (Invitrogen, La Jolla, CA) at 4°C, according to the manufacturer's instructions. All work using RNA was performed in the presence of RNasin (Promega, Madison, WI). Purified RNA was treated with 20 U of DNase (Roche Molecular Biochemicals, Basel, Switzerland) for 20 min at 37°C, and the RNA was further purified by using RNeasy columns (QIAGEN).
Northern blotting. Northern blotting was carried out as described by Cullen et al. (5) . Oligonucleotides containing the T7 promoter sequence were designed to amplify 300-to 321-bp templates for the synthesis of riboprobes complementary to portions of bhmp39e, bhmp39g, and bhmp39f/bhmp39h (single probe for two genes) ( Table 1) . A riboprobe was generated that hybridized to the transcripts of both bhmp39f and bhmp39h due to the high sequence identity between the two genes.
Reverse transcription. RT reactions were performed as described by Boucher et al. (3) . Negative-control reactions were performed by omitting the reverse transcriptase. The cDNA templates were generated by incubating the reaction mixes at 42°C for 2.5 h, followed by denaturation at 70°C for 15 min. cDNA samples were diluted 1:150 and stored at Ϫ20°C until required.
Real-time RT-PCR. Real-time RT-PCR was performed using an ABI PRISM model 7700 sequence detector, with product accumulation quantified by the incorporation of the fluorescent dye SYBR green. Primers for use in real-time RT-PCR were designed to amplify 86 to 162 bp of target bhmp39 genes. Reactions were performed in triplicate, with each 20-l reaction mix containing 2.4 l of the DNA template, 1.6 l of primer (625 mM), and 10 l of SYBR green 2ϫ PCR master mix (Applied Biosystems, Inc.), in a total volume of 20 l. Genespecific standard curves were constructed from 20-fold dilutions of B. hyodysenteriae B204 genomic DNA and were used to determine relative cDNA template concentrations in each reaction mixture. Gene expression levels were normalized against gyrB (Table 1 ). All primer pairs for use in real-time RT-PCR were confirmed to amplify single gene products by melt curve analysis and by sequencing PCR products. Relative levels of gene expression were averaged from the three technical replicates for each of three biological replicates and compared using Welch-corrected, unpaired t tests.
Analysis of Bhmp39 proteins in the B. hyodysenteriae membrane. Urea-insoluble membrane proteins were purified from B. hyodysenteriae B204 by solubilization with 1% Tween 20 and ultracentrifugation, as described by Gabe et al. (11) . Sample preparation and matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry were carried out as described previously (5). A list of monoisotopic peaks consisting of the bhmp39 gene products was used to search both local and online protein databases. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of protein samples was carried out using a Mini-PROTEAN 3 electrophoresis apparatus (BioRad Laboratories, Hercules, CA) as described previously (5) .
Bioinformatics analysis. BLAST programs (1) were used to perform similarity searches of the GenBank nucleotide and protein sequence databases, as appropriate. DNA sequences were aligned using the ClustalW algorithm (21) . Transcript sizes from Northern hybridization were predicted using the Sequaid II software (University of Kansas, Kansas City, KS). Peptide masses from protease digestion of proteins were determined using PeptideMass (24) . MASCOT (20) was used to identify proteins from peptide mass data by searching the "Other Bacteria" subset of the NCBI nonredundant database. The algorithm was instructed to exclude peptides with missed cleavages, and the peptide tolerance was set to Ϯ0.2 Da. A protein score greater than 63 was considered to be significant (P Ͻ 0.05) when data were analyzed with MASCOT. Statistical analyses were conducted using the InStat program (Graphpad Software, Inc., San Diego, CA). The strength of transcriptional termination of Rho-independent terminators was predicted using RNAfold (14) .
RESULTS

Prediction of Rho-independent transcriptional terminators.
Inspection of the sequence downstream of each of the bhmp39 coding regions revealed the presence of putative Rho-independent terminators. RNAfold was used to predict the minimum free energy of each inverted repeat and thereby enable a comparison of the strength of each of the putative transcriptional terminators (Table 2) . In each instance, the inverted repeat of each putative terminator begins 26 to 43 bp downstream of the stop codon, and the inverted repeats form the stem-loop structure, which is 9 to 14 bp in length. Each putative terminator contained a much higher GϩC content (about 4 to 10 bp more) than the flanking nucleotide sequence, which resulted in highly negative ⌬G values for all of the predicted terminators, except for that of bhmp39g, with which a high number of mismatches resulted in a predicted free energy that was almost 0. We resequenced the bhmp39c terminator region in order to clarify the undefined bases in the available lodged sequence. The RNA secondary-structure prediction from the revised sequence suggested that it would form an inverted repeat of a length and strength similar to those of the other predicted terminators (Table 2) . Northern hybridization. Northern hybridization analysis was performed to determine the approximate size of the B. hyodysenteriae B204 bhmp39efgh transcripts (Fig. 1) . Individual transcripts of the bhmp39abcd locus could not be investigated due to difficulty in designing riboprobes of appropriate lengths and with sufficient specificity to individual genes. The riboprobe specific for bhmp39e identified a single transcript of 1.1 kb (Fig. 1a) , but no transcript was detected for bhmp39g (Fig.   1b) . The bhmp39f/bhmp39h riboprobe hybridized to a product of approximately 1.2 kb (Fig. 1c) .
Real-time RT-PCR quantification of bhmp39 mRNA. In order to ascertain which bhmp39 genes were expressed by cells grown under in vitro conditions, the transcription of seven of the eight bhmp39 genes of B. hyodysenteriae strain B204 was investigated by real-time RT-PCR (Fig. 2) . Primers used for real-time RT-PCR were designed specifically to amplify an internal region of each of the bhmp39 genes from B. hyodysenteriae strain B204; this was not possible for bhmp39c because of its very high nucleotide sequence identity to bhmp39b and bhmp39d. The expression of gyrB was used as an internal control, as described previously (4) , in order to compare the relative levels of expression of bhmp39 genes from different biological replicates. Averaged data from three technical replicates of three biological replicates indicated that bhmp39f was the most highly transcribed bhmp39 gene, followed by bhmp39h (Fig. 2) . 
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Identification of the 39-kDa urea-insoluble membrane protein. Having observed that more than one bhmp39 gene was transcribed under the culture conditions used in this study, we set out to determine the identity of the 39-kDa outer membrane protein. We purified membrane proteins from B. hyodysenteriae B204 using the protein extraction method described by Gabe et al. (11) . The urea-insoluble fraction pelleted by ultracentrifugation was visualized by SDS-PAGE, revealing a single band of approximately 39 kDa (Fig. 3) . MALDI-TOF data from the trypsin-digested 39-kDa protein was analyzed by MASCOT, which determined that 11 peptide masses originated from Bhmp39f and Bhmp39h, corresponding to approximately 27% of the Bhmp39f sequence and 24% of the Bhmp39h sequence. Unique peptide fragments indicated the presence of both Bhmp39f and Bhmp39h (Fig. 4) . No other significant matches were detected.
DISCUSSION
McCaman et al. (18) noted that the bhmp39 genes share a sequence identity of between 56% and 97%, though the encoded Bhmp39 proteins do not share high sequence identity with any proteins in the current version of GenBank. The high level of similarity between these genes and the low GϩC content of the B. hyodysenteriae genome presented significant design constraints that limited the range of gene-specific reagents available for the study. For instance, it was not possible to design suitable primers for the specific detection of bhmp39c by real-time RT-PCR due to its high sequence identity with both bhmp39b and bhmp39d.
The presence of inverted repeat sequences downstream of the bhmp39 genes suggests that the bhmp39 genes are expressed as monocistronic transcripts. Examination of the nucleotide sequence downstream of each bhmp39 gene revealed a base-pairing region that was high in G and C residues, with an A/T-rich loop. These regions were flanked upstream by an A-rich region and downstream by a T-rich region. All of these features are characteristic of typical Rho-independent terminators (10) . Analysis of the proposed terminator regions using RNAfold (14) predicted that these structures would form long hairpin-loop structures.
The characteristics of the predicted transcriptional terminators of the bhmp39 genes resemble transcriptional attenuators of organisms like Escherichia coli (7), which could feasibly result in multicistronic transcripts. The previous identification of only one Bhmp39 protein suggests that these genes are individually expressed. Thus, it is feasible that each of the inverted repeats functions as a terminator in this organism, despite their lengths. We determined by Northern hybridization analysis that bhmp39e, bhmp39f, and/or bhmp39h results in individual transcripts. The sequence downstream of bhmp39g does not appear to contain an apparent Rho-independent terminator. However, the real-time RT-PCR data showed unequivocally that bhmp39f and bhmp39h were expressed strongly, while no bhmp39g transcript was detected. This finding is consistent with the hypothesis that each of these three genes is individually transcribed. Given that the predicted terminators of genes in the bhmp39abcd locus have ⌬G values comparable to those of the genes of the bhmp39efgh locus, we propose that these genes also result in monocistronic transcripts. The GenBank database sequence was found to contain two undefined bases within the bhmp39c terminator region. Interestingly, our sequencing of this region demonstrated that these bases are erroneous and that their subsequent removal resulted in a complete inverted repeat that was one of the strongest transcriptional terminators predicted in this study.
In order to confirm that the bhmp39 genes of the second locus are transcribed individually, Northern blot analysis was performed using riboprobes specific for bhmp39e, bhmp39g, and bhmp39f/bhmp39h. The degree of nucleotide sequence identity between bhmp39f and bhmp39h (ϳ97%) prevented the synthesis of probes specific for their individual transcripts. The riboprobes for bhmp39e and bhmp39f/bhmp39h hybridized Real-time RT-PCR was utilized to demonstrate that bhmp39f is the most highly expressed of the bhmp39 paralogs, with bhmp39h and bhmp39d transcripts being the next most abundant. Though these genes are found in the same locus, their different relative expression levels are consistent with their individual transcription. Interestingly, the purified 39-kDa membrane protein that was previously N-terminally sequenced by Gabe et al. (12) was found by McCaman et al. to have been a product of bhmp39h (18) . It is possible that the N-terminal sequencing of the LysC-digested protein did not have the capacity to sequence a sufficient range of peptides, which would be required to differentiate between Bhmp39f and Bhmp39h, as they share 93% amino acid sequence identity. Furthermore, one of the most unique regions of Bhmp39f occurs in the last 10 amino acids of the C terminus of a 46-amino-acid peptide generated by cleavage with LysC (predicted using PeptideMass), which may have been difficult to sequence by sequential Edman degradation.
In order to confirm that both bhmp39f and bhmp39h can be identified from the urea-insoluble fraction of the membranes of B. hyodysenteriae grown in vitro, we repeated the protein isolation method employed by Gabe et al. (12) , after which the purified protein(s) was digested with trypsin and MALDI-TOF data were obtained from the resulting peptides. This method enabled us to detect a wider range of peptides, and we were thus able to detect peptides that were unique for Bhmp39f and for Bhmp39h, as well as peptides common to both, indicating the presence of both proteins in the membrane preparation. Other Bhmp39 proteins, if present, were clearly below the very sensitive detection limits of the mass spectrometry method used.
We have therefore demonstrated that more than one of the bhmp39 genes are transcribed at a high level and have confirmed that proteins with a peptide mass fingerprint corresponding specifically to both Bhmp39f and Bhmp39h can be isolated from the B. hyodysenteriae membrane. We have also shown that the genes of the second locus are expressed as monocistronic transcripts. This work thus provides evidence that each bhmp39 gene is individually regulated, supporting the theory that they are involved in the antigenic variability of this pathogen.
Other pathogenic spirochetes are known to exhibit antigenic variation. The syphilis spirochete T. pallidum contains a family of 12 tpr genes with an upstream locus for expression, known as tprE. The expression locus undergoes recombination events with the silent tpr genes and thus is able to present many different surface antigens (22) . The spirochetes causing Lyme disease, B. burgdorferi, and relapsing fever, Borrelia spp., including B. hermsii, recombine entire genes from silent loci on extrachromosomal elements with expression loci, with the occasional generation of gene hybrids (6) . Genes up-and downstream of the bhmp39 genes do not closely resemble any of the bhmp39 genes, and there is currently no evidence for an expression locus for the bhmp39 genes in B. hyodysenteriae. However, as we have identified Rho-independent terminators for each bhmp39 gene and shown individual transcripts, we consider it likely that the bhmp39 genes are regulated individually by an as-yet-uncharacterized mechanism. Potential antigenic variation in B. hyodysenteriae should thus be taken into consideration in any vaccine development studies.
